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Edited by Hans EklundAbstract Nucleoside diphosphate kinase from the halophilic
archaeon Halobacterium salinarum was crystallized in a free
state and a substrate-bound form with CDP. The structures were
solved to a resolution of 2.35 and 2.2 A˚, respectively. Crystals
with the apo-form were obtained with His6-tagged enzyme,
whereas the untagged form was used for co-crystallization with
the nucleotide. Crosslinking under diﬀerent salt and pH condi-
tions revealed a stronger oligomerization tendency for the tagged
protein at low and high salt concentrations. The inﬂuence of the
His6-tag on the halophilic nature of the enzyme is discussed on
the basis of the observed structural properties.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Nucleoside diphosphate kinase; Halophilic enzyme;
Halophilic adaptation; Halobacterium salinarum1. Introduction
Halophilic proteins generally require high salt concentra-
tions for folding and activity [1]. The archaeal nucleoside
diphosphate kinase of Halobacterium salinarum (HsNDK,
EC 2.7.4.6) was found to show unusual properties in earlier
studies [2], i.e., activity at low salt conditions once folded in
the presence of high salt concentrations. A His6-tagged form
of HsNDK was expressed in E. coli and showed unexpected
activity after isolation both in the presence and absence of high
NaCl concentrations [3]. This result was surprising considering
the fact that untagged HsNDK needed high salt concentra-
tions for proper folding [2]. A characteristic feature of halo-
philic proteins is the high content of acidic amino acids on
the surface which is thought to enable their solubility at high
ionic strength. HsNDK, with 22.8% acidic amino acids, is no
exception to this rule. In case of a ferredoxin of H. salinarum,
the NMR structure revealed two highly acidic additional
a-helices in an otherwise structurally conserved protein com-
pared to a mesophilic plant-type ferredoxin [4]. Removal of
this insertion leads to loss of the halophilic nature of this pro-
tein. In HsNDK, we have the opposite case, where the addition
of a basic sequence (seven histidines and one arginine) con-*Corresponding author. Fax: +49 (0)89 8578 2815.
E-mail address: hbesir@biochem.mpg.de (H. Besir).
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doi:10.1016/j.febslet.2005.10.052serves halophilicity while enabling folding and increasing sta-
bility in low salt concentrations at the same time.
We wanted to clarify the observed diﬀerence in salt require-
ments of the His6-tagged HsNDK compared to the untagged
variant of the enzyme by crystallization of both forms. In a
previous publication, results of a crosslinking experiment sug-
gested a hexameric structure for the tagged HsNDK in 0.2 M
NaCl whereas the native form seemed to dissociate to dimers
[2]. The crosslinking in that experiment could not be per-
formed at high NaCl concentrations; therefore we have applied
a diﬀerent, light-induced crosslinking method described in [5].
In this method, crosslinking occurs in a very rapid and eﬃcient
radical-induced reaction of tyrosine side chains with other
tyrosines or nucleophilic side chains in the proteins. Another
advantage of this reaction is that it is applicable under a wide
range of salt and pH-conditions.
We crystallized and solved the structure of an archaeal and
halophilic NDK with CDP bound in the active center and
present a model how the introduction of the His6-tag might
inﬂuence protein folding under non-physiological low salt con-
ditions.2. Material and methods
2.1. Bacterial strains and culture
For expression of His-HsNDK, the E. coli strain BL21(DE3) (Strat-
agene, Germany) was used in LB medium with ampicillin (100 lg/ml).
2.2. Chemicals and kits
All chemicals used were purchased in the highest available grade
from Sigma (Germany) or Merck (Germany) unless otherwise stated.
Nucleotides were purchased from Sigma (Germany) or Roche Diag-
nostics (Germany).
2.3. Expression and puriﬁcation of His-HsNDK
The tagged enzyme (amino acids MGSSHHHHHHSSGLVPRGSH
added to the N-terminus of native HsNDK) was expressed after trans-
formation of BL21(DE3) cells with the construct pET15bHisHsNDK
described in [3]. A single colony was inoculated in LB medium with
ampicillin and incubated overnight at 37 C and 250 rpm. This culture
was centrifuged at 6000 · g for 5 min to replace the medium with fresh
one and larger cultures were inoculated at a 1:100 ratio, grown at 37 C
and 250 rpm to an OD600 of 1. After IPTG was added at 1 mM ﬁnal
concentration, the cultures were incubated for 3–4 h and harvested by
centrifugation. Pellets were stored at 20 C. Cells were disrupted by
sonication in 50 mMphosphate buﬀer, pH 8.0, 2 mMMgCl2 containing
3 M NaCl and 0.1 mM PMSF, and the supernatant was centrifuged at
14000 rpm for 20 min. The clear lysate was adjusted to 0.5 M NaCl by
dilution in phosphate buﬀer containing 10 mM imidazole and applied toblished by Elsevier B.V. All rights reserved.
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of the same buﬀer containing 0.3 M NaCl, the protein was eluted by
increasing the imidazole concentration to 250 mM. The elution fraction
was dialyzed against 10 mM HEPES, pH 7.0, 2 mM MgCl2, 300 mM
NaCl. In some preparations 500 mM NaCl was used. The protein was
stored in this buﬀer for several weeks at 4 C.2.4. Thrombin digestion of His-HsNDK to remove His6-tag
Puriﬁed His-HsNDK (1 mg/ml) was digested with 2.5 U of bovine
thrombin (Amersham Biosciences) per milligram protein in 10 mM
Na-phosphate buﬀer, pH 7.5, containing 2 mM MgCl2 and 154 mM
NaCl at 22 C overnight. The solution was applied to a Ni–NTA col-
umn, to remove any undigested protein. The ﬂowthrough was dialyzed
against the HEPES-buﬀer and the protein concentration adjusted be-
tween 6 and 24 mg/ml by centrifugation in concentrators with 30 kDa
cut-oﬀ.2.5. Crosslinking
Light-induced crosslinking was performed as described in [5] with
minor modiﬁcations. The protein concentration was adjusted to
250 lg/ml. The reaction buﬀer contained 50 mM Phosphate, 2 mM
MgCl2 and 0.3, 0.8, 1.6, 2.4 and 3.1 M NaCl, respectively, at pH 5.5
and 7.5. Ammoniumpersulfate was added to 2.5 mM and ﬁnally Ru
(bipy)3Cl2 to 0.25 mM ﬁnal concentration. The sample was illuminated
from a 150 W Xe-lamp in the range of 395–750 nm (ﬁltered by appro-
priate UV and IR-ﬁlters) through a mechanical shutter for 0.5–1 s.
After light exposure, 4· loading buﬀer containing DTT for SDS–
PAGE (Novex) was added. To lower the two highest salt concentra-
tions, the 50 ll samples were dialysed after addition of DTT to a ﬁnal
concentration of 50 mM against 2 ml ddH2O, before adding the load-
ing buﬀer.Table 1
Data collection and reﬁnement statistics2.6. SDS–PAGE and Coomassie staining
SDS–PAGE was performed with precast 4–12% Bis–Tris gels using
the MES-buﬀer in the Novex gel system according to the manufactur-
ers protocol (Invitrogen). Staining was done in 0.4% Coomassie bril-
liant blue R250 in 40% ethanol, 10% acetic acid for 1 h and
destaining in 10% acetic acid.Dataset His6-tagged NDK NDK-CDP
Beamline PX-I (SLS) PX-II (SLS)
Cell constants
a (A˚) 69.28 124.10
b (A˚) 108.70 71.40
c (A˚) 119.65 161.80
a () 90 90
b () 90 96.30
c () 90 90
Space group P212121 C2
Resolution limits (A˚)a 20–2.35 (2.44–2.35) 20–2.2 (2.3–2.2)
Observations 164815
(38201 unique)
151638
(56525 unique)
Completeness (%) 99.6 (100) 80.3 (64.9)
R-factor (%)b 8.7 (77) 6.3 (28.9)
I/r 9.78 (2.11) 10.14 (3.32)
Resolution range (A˚) 20–2.35 20–2.2
Reﬂections 36283 53700
Rwork 21.7 20.0
Rfree 28.9 27.1
Number of atoms 7204 11117
Number of NDK chains 6 9
Ligand atoms 5 (Ca2+) 227 (9 CDP, 2 Mg2+)
Water molecules 105 140
r.m.s.d. bonds (A˚) 0.021 0.022
r.m.s.d. angles () 1.78 1.93
Ramachandran plot (%)c
Most favored region 90.1 92.3
Additionally allowed 9.0 6.8
aValues in parenthesis for outer resolution shell.
bAs deﬁned in XDS [6].
cAs deﬁned in PROCHECK [26].2.7. Crystallization of the protein
Crystallization was achieved by the hanging-drop vapor diﬀusion
method in 24-well plates at 18 C using the screening kits Crystal
Screen 1 and Crystal Screen 2 and Index Screen (CS1, CS2 and IS,
Hampton Research). The reservoirs contained 500 ll of the screening
buﬀers, while the protein solution was mixed at a 1:1 and 2:1 ratio with
the reservoir solution. Within 1–4 weeks, crystals of diﬀerent shape ap-
peared in the drops. Further optimization of the crystallization condi-
tions was done by using the Additive Screen (Hampton Research).
Additives were added at a ratio of 1–10 (v/v) to the drops. For co-crys-
tallization experiments, nucleotides (ATP, ADP, CTP, GTP) were
added to 2–5 mM ﬁnal concentration. Soaking of the crystals was per-
formed by placing the crystal in a droplet with a 10 mM nucleotide
concentration in the reservoir buﬀer.
2.8. Structure determination
The diﬀraction data were collected at beamlines PX-I and II at the
Swiss synchrotron light source (SLS), Villigen, Switzerland. Diﬀraction
data were integrated with XDS ([6]) and further processed with pro-
grams of the CCP4 suite [7]. The structure of the native dataset was
solved by molecular replacement using the program MOLREP [8]. A
hexameric homology model of HsNDK based on the crystal structure
of human NDK-B in complex with GDP (PDB code 1nue [9]) was
developed with EASYPRED3D [10] and used as search model.
For lowering of model bias, ﬁrst simulated annealing reﬁnement was
performed with CNS [11], later the models were rebuilt with ARPWARP
6.1 [12]. The mixed protein/free atom model of the NDK–CDP com-
plex contained density which was recognizable as CDP. Subsequent
iterative model building and reﬁnement were performed with O [13]
and Refmac5 [14]. During the reﬁnement no NCS restraints were ap-
plied. Five Ca2+ ions which are forming crystal contacts were included
in the model. In all chains, residue Ile117 has a disfavored backbone
geometry similar to the Leu116 in the human NDK [9]. The electrondensity for all Ile117 and their vicinity is well deﬁned, however, and
therefore we assume that the structural context enforces this conforma-
tion. Residues with disordered side chain density facing solvent chan-
nels were modeled as alanines.
Coordinates were aligned with Lsqman [15]. Figures were generated
with the programs MOLSCRIPT [16], BOBSCRIPT [17], RASTER-3D [18],
and GRASP [19].
Coordinates and structure factor amplitudes were deposited to Pro-
tein Data Bank under accession codes 2AZ1 and 2AZ3.3. Results and discussion
His6-tagged HsNDK was crystallized initially as hexagonally
shaped crystals obtained under condition 14 of the CS 1 kit
(0.2 M CaCl2, 0.1 M HEPES-Na, pH 7.5, 28% PEG 400) with-
in days after the initial screening. The protein concentration
was 4–6 mg/ml with 500 mM NaCl in the buﬀer. This condi-
tion was improved by screening with the Additive Screen to
produce larger HsNDK crystals. The best diﬀracting crystals
were obtained with additive E1 (10 mM EDTA ﬁnal concen-
tration). After conﬁrming that well-diﬀracting crystals were
obtained, some crystals were soaked for 1–24 h in 5–10 mM
ATP or ADP solutions to obtain the nucleotide-bound form
of the protein, which was not successful, mostly because the
addition of the nucleotides leads to formation of a precipitate
under this condition.
Co-crystallization experiments of His-HsNDK with 2–5 mM
ATP or ADP in the crystallization drops were not success-
ful either. After thrombin digestion and puriﬁcation of the
Fig. 1. Crystal structure of HsNDK. (A,B) Ribbon representation of the HsNDKmonomer in complex with CDP. In panel B, the complex is rotated
90 around the horizontal axis. The protein backbones are represented in rainbow colors from blue to red from N- to C-terminus, respectively. Chain
termini and secondary structure elements are indicated. CDP is shown in a ball-and-stick representation, with carbon, nitrogen, oxygen and
phosphorus atom in white, blue, red and magenta, respectively. (C,F) Ribbon representation of the HsNDK hexamer viewing along a twofold and
the threefold axis. The red monomer has the same orientations as the monomers in panels A and B. (D,G) Surface electrostatic potential map of the
HsNDK hexamer. The particle is shown in the same orientation as in panels C and F. The electrostatic potential between 30kBT and 30kBT is
indicated as a color gradient from red to blue. (E,H) For comparison, the same electrostatic potential surface map is shown for the GDP complex of
human NDK-B [9]. Orientation and color scaling are the same as in panels D and G.
Fig. 2. The active site of HsNDK. The unbiased electron density for CDP bound to HsNDK from a mixed protein-free atom model automatically
generated by the program ARPWARP [11] is shown together with the ﬁnal model as a stereo representation. Electron density at 0.8r is depicted as
meshwork in cyan. The model is shown in ball-and-stick representation using the same color coding as in Fig. 1A. For clarity, parts of the model
unrelated to CDP binding were omitted. Hydrogen bonds are indicated as dotted lines.
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Fig. 3. Crosslinking of HsNDK. Coomassie brilliant blue stained gel
after SDS–PAGE of His6-tagged and untagged HsNDK after light-
induced crosslinking in the presence of Ru(bipy)3Cl2 with increasing
concentrations of NaCl at pH 5.5 (A) and 7.5 (B), respectively.
Illumination was done for 0.5 s with visible light of 395–750 nm.
Control samples His-HsNDK and HsNDK containing all reagents
without illumination were applied the gels separately to avoid
redundancy. (A) Crosslinking eﬃciency was highest in lower salt
concentration and pH value. The hexameric assembly of His-HsNDK
can be detected over the whole range of NaCl concentrations.
Untagged HsNDK shows dimers as main crosslinking product with
faint indication of higher oligomers in the reaction with lower pH.
(B) Formation of a second crosslinking product at pH 7.5 leading
to additional bands for monomer and oligomer products is only
observed in the tagged protein, suggesting the involvement of the
N-terminus of His-HsNDK in the presence of pH-dependent alternative
conformations.
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screens with 5 mM ADP, ATP, GTP or CTP at diﬀerent pro-
tein concentrations (6–14 mg/ml) and 300 mM NaCl. We then
obtained well-diﬀracting crystals in condition 23 of CS1 (0.2 M
MgCl2, 0.1 M HEPES-Na, pH 7.5, 30% PEG 400) and additive
# 40 (Co(NH3)6Cl3, 10 mM) with CTP. The crystallographic
parameters are summarized in Table 1.
The asymmetric unit of the His6-tagged NDK contains a
complete hexamer. No interpretable electron density was
found for the His6-tag and the linker region. The longest
complete chain comprises residues 4–158. The subunit of
nucleoside diphosphate kinase of H. salinarum has a mixed
a,b-structure. The peptide backbone of the HsNDK subunits
is shown in panels A and B of Fig. 1. A four-stranded anti-
parallel b-sheet ﬂanked by interspersed a-helices forms the
core of the structure. 15 residues at the C-terminal end as-
sume an extended conformation reaching toward the preced-
ing subunit. N- and C-terminus are in close proximity. The
subunits arrange into a D3-symmetric hexamer similar to
eukaryotic NDKs [20]. Within the trimeric rings, contacts
are formed between the residues (i) in a-helix 1 (residues
15–19) and Trp152\ (* indicates the following subunit), (ii)
between Gln98 and Gln87\, between the loop connecting
a-helix 7 and b-strand 4 (107–115) and the link between he-
lix 2\ and b-strand 2\ (residues 31\–34\) and the ultimate C-
terminus of the following subunit (residues 152\–155\).
Across the equator of the hexameric particle, symmetric con-
tacts between residues 20–30 (a-helix 2) and 36–41 (b-strand
2) were observed. The peptide backbone is very similar to
previously determined NDK structures, for instance, the
r.m.s. diﬀerence of the Ca positions to the human NDK-B
(pdb code 1nue [9]) is only 0.560 A˚ (over 148 atoms).
Electron density resembling CDP was found for crystals of
HsNDK co-crystallized with CTP (Fig. 2). Apparently, CTP
hydrolyzed during the course of the crystallization experiment.
CDP is bound into a pocket located between a-helix 5 and the
loop region connecting a-helix 7 and b-strand 4. Substrate
binding does not induce overall conformational rearrange-
ments: The r.m.s. diﬀerence (Ca positions) between the most
typical subunits of the apo-form and the CDP complex of
HsNDK was 0.296 A˚ (over 151 atoms), while the r.m.s. diﬀer-
ences between the HsNDK copies within the asymmetric units
were 0.339, and 0.341 A˚, respectively.
Similarly, close to the bound nucleotide no conspicuous
alterations were observed (data not shown). The nucleobase
cytosine is recognized in a rather unspeciﬁc manner by p-stack-
ing with the phenyl ring of Phe61. In the GDP complex of the
human NDK, a tryptophan residue that is co-planar with the
guanine ring serves the same function. Other van-der-Waals
contacts to the nucleobase and the ribose include Leu113
and Leu65. The conformation of the ribose is controlled by
hydrogen bonds of Lys13, Leu113 (backbone carbonyl) and
Asn116 with sugar hydroxyl groups. The diphosphate moiety
of CDP forms salt bridges with His56 and Arg89, and a hydro-
gen bond to Thr95. Part of the negative charge of the diphos-
phate is also compensated by the side chains of Lys13 and
His119. Residue His119 was earlier identiﬁed as the catalytic
nucleophile. Presumably an Mg2+ ion is bound to Glu55 and
the a-phosphate group in the best deﬁned two of the nine
HsNDK monomers in the asymmetric unit. The active site
and the nucleotide binding mode are virtually identical with
the human NDK-B in complex with GDP. Minor diﬀerencesare that Mg2+ is contacted by an aspartate side chain, His56
is replaced by Leu, and Leu113 by Val.
HsNDK is one of the few NDKs (8 of 178 in EMBL data-
base) that do not have a proline in the so-called Kpn-loop in
position 97 (HsNDK numbering), which was found to be
lethal for Drosophila in the P97S-mutant NDK, due to lower
stability and folding eﬃciency of the mutant protein [21]. This
proline was also shown to have a crucial role for subunit
assembly [22]. A proline residue at position 97 in HsNDK
would create a steric conﬂict with the peptide backbone at res-
idue 112. The inﬂuence of a proline introduced in this position
on the assembly of HsNDK should be interesting.
The thermal stability of HsNDK is strongly dependent on
salt concentration [2], which can be explained by the extremely
high negative surface charge of the protein (Fig. 1D/G). Low
salt concentrations can lead to destabilization of the hexamer
H. Besir et al. / FEBS Letters 579 (2005) 6595–6600 6599due to repulsion of charges that are shielded by cations under
high salt conditions.
To assess the diﬀerences in oligomerization tendency of both
forms of HsNDK at diﬀerent salt concentrations, crosslinking
was performed in 0.3, 0.8, 1.6, 2.4 and 3.1 M NaCl at pH 5.5
and 7.5. At these pH values the His6-tag is assumed to be
mostly protonated or deprotonated, respectively. Fig. 3 shows
the result of the crosslinking after 0.5 s illumination. Crosslink-
ing products corresponding to hexameric His-HsNDK are
clearly visible whereas the untagged NDK is crosslinked inef-
ﬁciently in both pH conditions. At pH 5.5, very faint bands
of higher oligomers up to hexamers are visible for the untagged
form, but the tendency to form these oligomers is obviously
decreased at the protein concentration of 250 lg/ml used in
this experiment. From the lower crosslinking eﬃciency for
the untagged HsNDK a signiﬁcant role of the His6-tag in the
crosslinking reaction can be concluded. The fact that HsNDK
is hexameric in the crystal structure could also be due to the 20
times higher concentration of the protein in the crystallization
drops.
Crosslinking at pH 7.5 led to additional bands in case of
tagged NDK, which result most likely from intramolecular
crosslinks as there is also a band present below the monomer
bands. A conformationally blocked form of the protein could
show a lower apparent mass than a completely unfolded one.
Corresponding products are not visible for the untagged pro-
tein, which conﬁrms the role of the His6-tag in the formation
of this product.
Sequence homology of HsNDK to NDKs from other non-
halophilic organisms is lowest in the C-terminal region
(Fig. 4). This part is therefore assumed to have no direct role
in the enzymatic activity but could undergo interactions with
other proteins as suggested for a homolog in Arabidopsis tha-
liana [23]. The C-terminal part of HsNDK resembles the highly
acidic insertion sequences in some 250 proteins of H. salinarum
discussed by Marg et al. [4]. The authors suggested that inser-Fig. 4. Alignment of NDKs. A high degree of conservation is visible in th
regions with high content of acidic amino acids within two representative N
adjacent in the 3D-structure (helices a3/a4 and region from helix a8 to a10 in
surface charge. Organisms: HALSA, Halobacterium salinarum; HALMA, H
Homo sapiens; SACCE, Saccharomyces cerevisiae; DICDI, Dictyostelium
ARCFU, Archaeoglobus fulgidus; THEAC, Thermoplasma acidophilum. Alig
software BioEdit; the graphical output was generated by ESPRIPT [27].tion of a stretch of about 30 amino acids with 50% or higher
content of acidic amino acids could be a rapid way of adapta-
tion to high salt conditions. With 16 of 39 amino acids (41%)
at the C-terminus of HsNDK (starting after the last highly
conserved D122) being aspartates or glutamates, this could
be another example for this mechanism of adaptation.
The overall pI-value of HsNDK is 4.8 which is close to the
average value for cytosolic proteins of H. salinarum [24]. The
N-terminal fragment of 122 amino acids contains only 21
Asp or Glu (17%), which is lower than the typical values
for halophilic proteins and lies in the range of mesophilic
homologues of HsNDK. This discrepancy is even more pro-
nounced when the surplus of negative (Asp/Glu) over positive
(Arg/Lys) charges is compared for the discussed fragments
(N-term: 7% of 122 aa, C-term: 35% of 39 aa). Thus the con-
tribution of the C-terminus to the overall acidity per residue is
signiﬁcantly higher than of the N-terminal part. The observa-
tion that halophilic NDKs [2,25] are stable in low salt suggests
that they originate from non-halophilic NDKs.
In the 3D-structure, the termini of HsNDK are positioned
close to each other which would make it possible that some
negative charges are masked by the additional arginine and/
or the histidines in the N-terminal tag. This could be the rea-
son for solubility and activity of the enzyme in the low salt
conditions of the E. coli cytosol. Considering the extremely
high surface charge density of HsNDK, it is remarkable that
introduction of a short stretch containing positively charged
amino acids is suﬃcient for proper folding of a halophilic pro-
tein. Adaptation to extreme conditions can obviously occur in
evolution within a short time in both directions by incorpora-
tion or exchange of short sequences with the appropriate phys-
ico-chemical properties without the need for gradual changes
over the whole polypeptide chain. This result together with
the structural information could open the way to rapid adap-
tation of halophilic proteins to low salt conditions and enable
further biochemical investigation of these proteins.e alignment of NDKs from various organisms. Green boxes indicate
DKs from halophilic archaea. Both stretches are surface exposed and
Fig. 1A) and have a major contribution to the extremely high negative
aloarcula marismortui; DROME, Drosophila melanogaster; HOMSA,
discoideum; BACHA, Bacillus halodurans; BACSU, Bacillus subtilis;
nment was done with the clustalW module of the sequence analysis
6600 H. Besir et al. / FEBS Letters 579 (2005) 6595–6600Acknowledgments: We thank Dr. Valery Tarasov for helpful discus-
sions. This work was supported by the 6th Framework Programme
of the European Union (‘‘Interaction Proteome’’, Project No.
LSHG-CT2003-505520) and by research grants from the The Salt Sci-
ence Research Foundation to M.T. and by Grant-in-Aid for Science
Research (14760211) from MEXT Japan to M.I.References
[1] Madern, D., Ebel, C. and Zaccai, G. (2000) Halophilic adaptation
of enzymes. Extremophiles 4, 91–98.
[2] Ishibashi, M., Arakawa, T., Philo, J.S., Sakashita, K., Yonezawa,
Y., Tokunaga, H. and Tokunaga, M. (2002) Secondary and
quaternary structural transition of the halophilic archaeon
nucleoside diphosphate kinase under high- and low-salt condi-
tions. FEMS Microbiol. Lett. 216, 235–241.
[3] Ishibashi, M., Arakawa, T. and Tokunaga, M. (2004) Facilitated
folding and subunit assembly in Escherichia coli and in vitro of
nucleoside diphosphate kinase from extremely halophilic archa-
eon conferred by amino-terminal extension containing hexa-His-
tag. FEBS Lett. 570, 87–92.
[4] Marg, B.L., Schweimer, K., Sticht, H. and Oesterhelt, D. (2005) A
two-R-helix extra domain mediates the halophilic character of a
plant-type ferredoxin from Halophilic archaea. Biochemistry 44,
29–39.
[5] Fancy, D.A. and Kodadek, T. (1999) Chemistry for the analysis
of protein–protein interactions: rapid and eﬃcient cross-linking
triggered by long wavelength light. Proc. Natl. Acad. Sci. USA 96,
6020–6024.
[6] Kabsch, W. (1993) Automatic processing of rotation diﬀraction
data from crystals of initially unknown symmetry and cell
constants. J. Appl. Crystallogr. 26, 795–800.
[7] Collaborative Computational Project, N (1994) The CCP4 Suite:
Programs for Protein Crystallography. Acta Crystallogr. D: Biol.
Crystallogr. 50, 760–763.
[8] Vagin, A.A. and Isupov, M.N. (2001) Spherically averaged
phased translation function and its application to the search for
molecules and fragments in electron-density maps. Acta Crystal-
logr. D: Biol. Crystallogr. 57, 1451–1456.
[9] Morera, S., Lacombe, M.L., Xu, Y., LeBras, G. and Janin, J.
(1995) X-ray structure of human nucleoside diphosphate kinase B
complexed with GDP at 2 A˚ resolution. Structure 3, 1307–1314.
[10] Lambert, C., Leonard, N., De Bolle, X. and Depiereux, E. (2002)
ESYPRED3D: prediction of proteins 3D structures. Bioinformatics
18 (9), 1250–1256.
[11] Brunger,A.T.,Adams, P.D.,Clore,G.M.,DeLano,W.L.,Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
Pannu, N.S., Read, R.J., Rice, L.M., Simonson, T. and Warren,
G.L. (1998) Acta Crystallogr. D: Biol. Crystallogr. 54, 905–921.
[12] Perrakis, A., Morris, R. and Lamzin, V.S. (1999) Automated
protein model building combined with iterative structure reﬁne-
ment. Nat. Struct. Biol. 6, 458–463.[13] Jones, T.A., Zou, J.Y., Cowan, S.W. and Kjeldgaard, M. (1991)
Improved methods for building protein models in electron density
maps and the location of errors in these models. Acta Crystallogr.
A 47, 110–119.
[14] Murshudov, G.N., Vagin, A.A. and Dodson, E.J. (1997)
Reﬁnement of macromolecular structures by the maximum-
likelihood method. Acta Crystallogr. D: Biol. Crystallogr. 53,
240–255.
[15] Kleywegt, G.J. and Jones, T.A. (1994) A super position.
CCP4/ESF-EACBM Newsletter on Protein Crystallography 31,
9–14.
[16] Kraulis, P. (1991) MOLSCRIPT: a program to produce both
detailed and schematic plots of protein structures. J. Appl.
Crystallogr. 24, 946–950.
[17] Esnouf, R.M. (1997) An extensively modiﬁed version of MOL-
SCRIPT that includes greatly enhanced coloring capabilities. J.
Mol. Graph. Model. 15, 132–134, 112–113.
[18] Merritt, E.A. and Bacon, D.J. (1997) RASTER3D: photorealistic
molecular graphics. Methods Enzymol. 277, 505–524.
[19] Nicholls, A., Sharp, K.A. and Honig, B. (1991) Protein folding
and association: insights from the interfacial and thermodynamic
properties of hydrocarbons. Proteins 11, 281–296.
[20] Chen, Y., Gallois-Montbrun, S., Schneider, B., Veron, M.,
Morera, S., Deville-Bonne, D. and Janin, J. (2003) Nucleotide
binding to nucleoside diphosphate kinases: X-ray structure of
human NDPK-A in complex with ADP and comparison to
protein kinases. J. Mol. Biol. 332, 915–926.
[21] Lascu, I., Chaﬀotte, A., Limbourg-Bouchon, B. and Veron, M.
(1992) A Pro/Ser substitution in nucleoside diphosphate kinase of
Drosophila melanogaster (mutation killer of prune) aﬀects stability
but not catalytic eﬃciency of the enzyme. J. Biol. Chem. 267,
12775–12781.
[22] Lascu, I., Deville-Bonne, D., Glaser, P. and Veron, M. (1993)
Equilibrium dissociation and unfolding of nucleoside diphosphate
kinase from Dictyosteliurn discoideum. J. Biol. Chem. 268, 20268–
20275.
[23] Im, Y.J., Kim, J.I., Shen, Y., Na, Y., Han, Y.J., Kim, S.H., Song,
P.S. and Eom, S.H. (2004) Structural analysis of Arabidopsis
thaliana nucleoside diphosphate kinase-2 for phytochrome-med-
iated light signaling. J. Mol. Biol. 343, 659–670.
[24] Tebbe, A. et al. (2005) Analysis of the cytosolic proteome of
Halobacterium salinarum and its implication for genome annota-
tion. Proteomics 5, 168–179.
[25] Polosina, Y., Jarrell, K.F., Fedorov, O.V. and Kostyukova, A.S.
(1998) Nucleoside diphosphate kinase from haloalkaliphilic
archaeon Natronobacterium magadii: puriﬁcation and character-
ization. Extremophiles 2, 333–338.
[26] Laskowski, R.A., MacArthur, M.W., Moss, D.S. and Thorn-
ton, J.M. (1993) PROCHECK: a program to check the stereo-
chemical quality of protein structures. J. Appl. Crystallogr. 26,
283–291.
[27] Gouet, P., Courcelle, E., Stuart, D.I. and Metoz, F. (1999)
ESPRIPT: analysis of multiple sequence alignments in PostScript.
Bioinformatics 15, 305–308.
